The regulation of the expression of ribosomal protein genes was examined during partial inhibition of tRNA aminoacylation in isogenic rel+ and reistrains of E. coli B carrying a temperature-sensitive mutation in valyl-tRNA synthetase (EC 6.1.1.9) gene. Measurements of the differential synthesis rate of ribosomal protein, ar (ribosomal protein synthesis rate/total protein synthesis rate), indicate that ribosomal protein synthesis is regulated directly or indirectly by availability of charged tRNA, and that the synthesis of ribosomal protein, like the synthesis of rRNA, is subject to the influence of the rel gene control system.
In exponentially growing Escherichia coli the rate of ribosome production is dependent on the nutritional composition of the growth medium, and the synthesis rates of ribosomal components are balanced such that neither free rRNA nor free ribosomal proteins (r-proteins) accumulate in appreciable amounts (1) . The synthesis of rRNA is regulated. One regulatory mechanism is stringent control; during amino acid (or charged tRNA) deprivation in rel+ strains stable RNA accumulation is severely depressed, while in rel-strains stable RNA accumulation continues at or near the pre-deprivation rate (2) (3) (4) .
Much less information is available regarding the regulation of the expression of r-protein genes (for reviews, see refs. 5-7).
Maaloe (5) has suggested that r-protein genes are expressed constitutively without any direct regulation and that the rate of r-protein synthesis may be passively regulated by the availability of free RNA polymerase. However, it is also possible that, as in the case of rRNA, the synthesis of r-proteins is actively regulated, perhaps at the level of initiation of transcription.
We have examined the role of the rel gene in the regulation of the synthesis of r-proteins; the rate of synthesis of r-proteins has been measured during partial deprivation of aminoacylated tRNA (AA-tRNA) in isogenic ret+ and rel-strains of E. coli B. The results demonstrate that the synthesis of rprotein is regulated by the availability of AA-tRNA, and that the product of the rel gene is involved in the regulation of rprotein synthesis as well as in the regulation of rRNA synthesis.
MATERIALS AND METHODS
Three isogenic bacterial strains were used: NF314, leu-valS+ rel+; NF536, leu-valStsrel+; and NF537, leu-valSt~rel-. They were derived from AS19, a strain of E. coli B. The valyltRNA synthetase mutation (valS) has been described (8). These strains were obtained from L. Lindahl and are from the collection of N. Fill.
Bacteria were grown in MOS minimal medium (9) , supple- 
RESULTS
RNA, Protein, and ppGpp Synthesis During Partial Deprivation of AA-tRNA. Partial deprivation of AA-tRNA was achieved by incubating valSts strains at "semi-restrictive" temperatures. Three isogenic strains were used: NF314, the parental non-temperature-sensitive stringent strain ("parent"); NF536, the temperature-sensitive stringent strain ("rel+valSts"); and NF537, the temperature-sensitive relaxed strain ("rel-valStll"). Cultures were grown at a permissive temperature of 29.50 and the effect of a temperature shift to 35.5°on the exponential synthesis rates of stable RNA and protein was determined. In the parental strain the rate of accumulation of both RNA and protein increased approximately 40% immediately after the temperature shift ( Fig. 1 and Table 1 ). In contrast both the rel+valSts and rel-valSts strains showed no increase in the rate of protein synthesis following the shift to 35.5°. At the same time, the stable RNA synthesis rate was reduced 35% in the rel+valSts strain and increased 50% in the rel-valSts strain relative to the rates before the temperature shift.
During amino-acid deprivation of rel+ strains, guanosine tetraphosphate (ppGpp) accumulates while the synthesis of stable RNA is severely inhibited (4, 8) . Stable RNA synthesis rates following the temperature shift have been correlated with the intracellular levels of ppGpp (Fig. 2) . In both the parent and rel-valSts strains ppGpp levels remained relatively low and RNA accumulated at a higher rate. In the rel+valSts strain ppGpp rapidly accumulated and then decreased to a level about 5-to 10- added (500 nmol/ml) and incubation was continued an additional 60 min to insure complete incorporation of radioactivity into stable nucleic acid. These 14C reference cultures were used to normalize recovery of 70S ribosomes in the sucrose gradients. The fraction of 14C radioactivity in DNA was 15.5% for all three bacterial strains (12) . Of the remaining radioactivity approximately 15% was assumed to be in tRNA and 85% in rRNA for all three strains at 29.50 (10, 12, 13 (17) . The 3H and 14C radioactivity associated with each r-protein were determined after oxidation and scintillation counting and the Ai values were calculated (see the text). t Relative differential synthesis rates of individual r-proteins (Ai) in the rel+valSts strain measured by this method (1-min chase) were 10-25% lower than the corresponding values obtained after the 30-min chase. This may be explained by either a small degradation of 33H-labeled nonribosomal proteins (18) or a slow conversion of precursors of r-protein to the mature forms. In this connection we note that, with the exception of protein S18, there are no long-lived precursors of r-protein during exponential phase growth (16) .
from degradation also proved negative (compare Table 3 ). Thus we conclude that during partial deprivation of charged tRNA in the rel+ strain the synthesis rates of all the r-proteins are inhibited more strongly than the total protein synthesis rate.
DISCUSSION
Partial deprivation of charged tRNA (or amino acids) results in partial inhibition of protein synthesis. We have demonstrated that, under these conditions, r-protein synthesis in the rel+valSts strain is more strongly inhibited than total protein synthesis. In contrast, in the rel-valSts strain, the r-protein synthesis is stimulated as much as 80% after the temperature shift from 29.50 to 35.5°, while total protein synthesis is inhibited by 10%. These results are difficult to reconcile with the theory that r-protein genes are transcribed constitutively without any direct control (5) . Thus, we conclude that the expression of r-protein genes is regulated and the product of the rel gene is involved in some way in this regulatory process.
Both rRNA and r-protein synthesis are subject to the same stringent control. This results in coordinate production of rRNA and r-proteins, although the coordination breaks down under severe deprivation of charged tRNA in reb strains (but only because of severe inhibition of protein synthesis; see Results).
There are three different possibilities for this stringent control of rRNA and r-protein synthesis (compare ref. 6 and H. Bremer, L. Berry, and P. Dennis, manuscript submitted for publication). (a) The expression of both rRNA and r-protein genes is regulated directly by the same mechanism, which is somehow involved in the determination of the stoichiometric relationship between rRNA and r-protein production. (b) The expression of r-protein genes is under "direct" stringent control and the synthesis of rRNA is regulated by availability of "free" r-protein. (c) The expression of rRNA genes is under "direct" stringent control and the synthesis of r-proteins is regulated by availability of "free" rRNA. The un-balanced synthesis of rRNA in excess of r-protein in the'presence of chloramphenicol or under conditions of severe deprivation of charged tRNA in rel-strains appears to exclude the possibility (b).
Goodman (19) has examined the synthesis of r-protein during severe amino-acid deprivation; in a rel+ strain a small proportion of the residual protein synthesis was devoted to r-protein, whereas in a rel-strain a relatively large proportion was devoted to r-protein. It was further observed that only one or a few proteins were produced in relatively high proportions in the reV strains. In contrast we have observed nearly coordinated production of all r-protein during partial inhibition of protein synthesis in the rel-valSts strain.
In summary, both rRNA and r-protein synthesis are subject to active control; further analysis will be required in order to elucidate the detailed mechanisms of this control system.
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